To evaluate how assisted reproductive technologies (ART) affect vasculogenesis of the developing conceptus, we analyzed placental and fetal development of in vitro-produced (IVP) sheep embryos. Pregnancies produced by ART carry increased risk of low birth weight, though what causes this risk remains largely unknown. We recently reported that developmental arrest of sheep conceptuses obtained by ART is most pronounced when the cardiovascular system develops (Days 20-30 of development). A total of 86 IVP blastocysts (2-4 per ewe) were surgically transferred to 30 recipient sheep 6 days after estrus; 20 sheep were naturally mated (control). Conceptuses were recovered from sheep at Days 20, 22, 26, and 30 of gestation and morphologically evaluated. Then, the conceptuses and part of their placentae (chorion-allantois) were fixed for histological and immunohistochemical analysis and snap-frozen in liquid nitrogen for subsequent mRNA expression analysis. Results demonstrate that the cardiovascular systems of sheep IVP conceptuses were severely underdeveloped. Pericardial and placental hemorrhages were noted in a majority (5/7) of the dead embryos. In the surviving IVP embryos, the expression of angiogenetic factors was reduced at Day 20. The placental vessels were underdeveloped on Days 20 and 22 (P , 0.05), though placental vasculogenesis was successfully completed on subsequent days. However, low vessel number persisted at Days 26 and 30 (4.6 vs. 5.9 and 6.64 vs. 8.70 per field, respectively; P , 0.05) together with reduced vessel diameter at Day 26 (46.89 vs. 89.92 lm; P , 0.05).
INTRODUCTION
The use of assisted reproductive technologies (ART) is associated with an increased incidence of pregnancy complications and decreased birth weight [1, 2] . The molecular clues underlying these events are still not well understood. Recent studies in mice and humans demonstrated that in vitro embryo development can alter transcriptional control in the placentae of embryos obtained by ART [3, 4] . Fetal growth is reliant on correct placentation, because the placenta creates the vascular network necessary for transferring maternal resources. Inadequate nutrient and gas transfer between mother and fetus can cause pregnancy complications, including fetal under-or overgrowth or even death. The risk of early abortions after human ART was previously suggested to be similar to that of naturally obtained pregnancies [5, 6] . More recent reports recognize the amplified risk of early abortions associated with ART; however, it should not be forgotten that the early miscarriage associated with ART may not result from the techniques but from the underlying health risks of subfertile patient [7] . The high frequency of embryo losses may be also related to the reduced ability of ART embryos to complete vasculogenesis. A less severe consequence of an underdeveloped placental network may be developmental adaptation (fetal programming), which permanently changes the physiology of offspring, predisposing them to cardiovascular disease later in life [8, 9] .
Our recent study showed compromised placental development of sheep embryos produced in vitro [10] . Sheep are an ethically acceptable and powerful animal model [11] for the characterization of early ART pregnancies. Furthermore, the organization of villous tree structures in the sheep placentome is comparable to that of humans, confirming its usefulness as a human-like model for placental vascularization [12, 13] . The smaller size of in vitro-produced (IVP) sheep conceptuses observed in our previous study [10] suggested vascular network defects in their placentae. The placental vascular network starts to play a critical role in supporting sheep embryo growth starting from Day 20 of gestation [11] . Therefore, to clarify the cause of the intrauterine growth restriction (IUGR) frequently observed in human ART pregnancies, we studied placental vasculogenesis in sheep IVP conceptuses during this crucial stage of developmental bottleneck. In the first studied period (Days 20 and 22 of gestation), we evaluated the course of maturation of placental vessels in IVP conceptuses, whereas in the second studied period (Days 26 and 30 of gestation), we studied the completion of placental vasculogenesis. In particular, we analyzed the expression of genes regulating vasculogenesis and angiogenesis in placentae collected from IVP embryos. We also performed the immunohistochemical and histological analysis of IVP placentae to evaluate vasculogenesis and the degree of vascular network development.
MATERIALS AND METHODS
All chemicals, unless otherwise indicated, were obtained from Sigma Chemical Co.
Oocyte Collection, In Vitro Maturation, In Vitro Fertilization, and Embryo Culture
All animal experiments were performed in accordance with DPR 27/1/1992 (Animal Protection Regulations of Italy) in conformity with European Community regulation 86/609. Methods of in vitro embryo production were adapted from those previously described [14] . Briefly, sheep ovaries were collected from local slaughterhouses and transferred at 378C to the laboratory within 1-2 h. Oocytes were aspirated with 21-gauge needles in the presence of Hepes-buffered TCM-199 medium (Gibco, Life Technologies) containing 0.005% (w:v) heparin. Then, oocytes with at least two or three layers of compact cumulus cells and uniform cytoplasm were selected for in vitro maturation (IVM). All selected oocytes were washed twice and then in vitro maturated in bicarbonate-buffered TCM-199 (Gibco) containing 2 mM glutamine, 0.3 mM sodium pyruvate, 100 lM cysteamine, 10% fetal bovine serum (FBS; Gibco), 5 lg/ml of follicle-stimulating hormone (Ovagen; ICP), 5 lg/ml of luteinizing hormone, and 1 lg/ml of estradiol. Maturation was conducted in four-well culture plates (Nunclon, Nalge Nunc International) containing 0.4 ml/well of IVM medium and incubated in a humidified atmosphere of 5% CO 2 in air at 398C for 24 h. Matured oocytes (n ¼ 340) were partially denuded and transferred into 50-ll drops of bicarbonate-buffered synthetic oviductal fluid (SOF) enriched with 20% (v:v) heat-inactivated estrous sheep serum, 2.9 mM calcium lactate, and 16 lM isoproterenol. Ram semen was fast-thawed and washed in SOF containing 4 mg/ml of bovine serum albumin (BSA) at 200 3 g for 5 min. Fertilization was carried out at a final concentration of 5 3 10 6 cells/ml and left overnight in 5% CO 2 at 38.58C. Presumptive zygotes were transferred into 20-ll drops of SOF enriched with 1% (v:v) Minimum Essential Medium nonessential amino acids (Gibco), 2% (v:v) Basal Medium Eagle essential amino acids, 1 mM glutamine, and 8 mg/ml of BSA covered with mineral oil prewashed in SOF. Cultures were carried out in a humidified atmosphere of 5% CO 2 , 7% O 2 , and 88% N 2 at 398C. On Days 3 and 5 of culture (Day 0 ¼ day of fertilization), the medium was changed. On Day 5, 10% FBS, charcoal stripped, was added to the medium. Cleavage rate was evaluated 30 h following fertilization (238/340, 70%) and blastocyst rate on Day 6 (86/238, 36%).
Embryo Transfer and Sample Recovery
Sardinian sheep were synchronized with 25-mg Chronogest sponges (Intervet). Sheep were divided into two groups: The first were recipients of IVP embryos, and the second were mated naturally (control [CTR] ). At Day 6 of culture, expanded blastocysts were transferred surgically by paramedian laparotomy to recipient sheep in the IVP group 6 days after estrus as previously described [10, 14] . A total of 86 IVP blastocysts (n ¼ 2-4 per ewe) were surgically transferred 6 days after estrus; fetuses and placentae were surgically recovered from sheep under general anesthesia on Days 20, 22, 26 , and 30 of gestation for both the IVP and CTR groups as previously described [10] . Once collected in Petri dishes (90 mm) with warm Ca 2þ /Mg 2þ PBS containing 0.005% (w:v) heparin, fetuses were observed under the stereomicroscope to assess their vitality: Heartbeat was measured, and pictures of each fetus were taken with a reference meter. Chorion-allantoids were snap-frozen in liquid nitrogen for subsequent molecular biology analysis or fixed in 4% paraformaldehyde in PBS for histological analysis as previously reported [10] .
Expression Analysis
Gene expression analysis was performed on sheep placental tissues obtained from CTR and IVP embryos (n ¼ 6 for each group). Analyzed samples were collected on Day 20 of gestation. Total RNA was extracted using the RNeasy mini kit (Qiagen) according to the manufacturer's instructions. One microgram of total RNA was reverse transcribed to first-strand cDNA using the QuantiTect reverse transcription kit (Qiagen). The cDNAs obtained from placental tissues were used for gene expression analysis using specific 5 
Histological Analysis
Placental tissues were overnight fixed in 4% (w:v) paraformaldehyde and subsequently dehydrated into increasing ethanol solution, then finally cleared in xylene mixture, for 5 min in each step. Fetuses were differentially treated depending on crown-rump evaluation according to Kaufman [15] . Finally, placentae and fetuses were embedded in Paraplast. Sections (thickness, 5 lm) were used for hematoxylin-and-eosin staining. Pictures were taken using the Nikon Eclipse E600 microscope. Placental vessels were divided into three different developmental stages (stages 1, 2, and 3) according to Charnock-Jones et al. [16] . Diameter and area of matured vessels were further characterized. Vessel diameters were measured in relation to the scale bar, and vessel areas were subsequently calculated depending on vessel shape. For the heart development investigation, according to fetal longitudinal orientation, left ventricles were analyzed in all samples. For immunohistochemistry, Paraplastembedded sections (thickness, 5 lm) of chorioallantoic membranes (IVF, n ¼ 10; CTR, n ¼ 8) were dewaxed, rehydrated, and stained with the following antibodies: rabbit polyclonal anti-FGF-2 (1:3200; sc-79; Santa Cruz Biotechnology), rabbit polyclonal anti-HOXA13 (1:400; ab26084; Abcam), rabbit polyclonal anti-PECAM-1 (1:6400; sc-1506-R; Santa Cruz Biotechnology), rabbit polyclonal anti-Tie-2 (1:400; H-176/sc-9026; Santa Cruz Biotechnology), and mouse monoclonal anti-VEGF (1:200; C-1/sc-7269; Santa Cruz Biotechnology). Sections were then incubated with a biotinylated rabbit polyclonal (FGF-2, HOXA13, PECAM-1,Tie-2) or mouse monoclonal (VEGF) secondary antibody (1:100; Vector Laboratories). Staining was visualized with Universal LSAB þ Kit/HRP (Dako Italia) and Dako Liquid DAB þ Substrate Chromogen System.
Fetal and Vessel Measures
During surgical sample recovery, fetal pictures were taken under a stereomicroscope with a measure reference. Vessel diameters were measured FIDANZA ET AL.
from each picture using IMAL software (Image Measurement and Analysis Lab; Unix version 3.5.11; http://www.randombio.com/imal.html). For each vessel, major and minor axes were analyzed, and the areas were deduced using the ellipses area formula. Each picture was analyzed in triplicate, and the average of the measurements was finally used. The cell layer measurements of the myocardium were taken between the outer ventricular wall and the trabecular wall [17] .
Statistical Analysis
For quantitative analysis, the data are reported as the mean 6 SEM. The statistical analysis was performed using Instat 6 (GraphPad Software for Science). For gene expression and vessel area, number, and myocardial cell layer measurements, scalar numbers were analyzed using the nonparametric Mann-Whitney Test (see Figs. 2A and 4) . For evaluation of vessel developmental stage, data expressed as percentages were analyzed using the Fisher exact test (see Fig. 3 ). Only P , 0.05 was considered to be significant. 
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Qualitative data, such as observation of hemorrhages as well as histological and immunohistochemical evaluations, were not subjected to statistical analysis.
RESULTS

Aberrant Ventricular Development of IVP Embryos
In a substantial subset of nonliving conceptuses from the IVP group (8/11), hemorrhages were observed in both pericardial (5/ 8) and placental tissues (3/8) ( Table 1 and Fig. 1 ). Because placental vascularization is connected with fetal cardiovascular system, we analyzed the morphology of the hearts of collected viable conceptuses (Fig. 1B) . The ventricular walls were thinner in IVP conceptuses than in CTR conceptuses only on Day 22 (7.90 6 0.40 vs. 11.92 6 0.87 cell layers; P ¼ 0.0001); on Day 26, no differences were observed (11.00 6 0.84 vs. 12.60 6 1.12 cell layers; P . 0.05).
Vascular Development Is Reduced in Placenta from IVP Embryos
At Day 20 of development, the expression of a subset of factors regulating vasculogenesis and angiogenesis was downregulated in placentae from the IVP group (Fig. 2 and Supplemental Data S1; Supplemental Data are available online at www.biolreprod.org): FGF2, 0.20 6 0.05; ANG2, 0.12 6 0.05; TIE-2, 0.27 6 0.08; HOXA13, 0.04 6 0.02 (fold-change over CTR; P , 0.05). Consequently, the maturation of placental vessels (Fig. 3) and total count of vessels (Fig. 4) were reduced (Supplemental Data S1 and Table S1 ). High contents of immature placental vessels in stages 1 and 2 (P , 0.05) were observed at Days 20 and 22 of development in IVP conceptuses (Fig. 3) . Nevertheless, an adequate maturation of placental vessels in IVP conceptuses was finally achieved on subsequent days (Fig. 3) . To further investigate if any vascular defects persisted in IVP conceptuses, the placental vessel diameters were analyzed at Day 26 of development (i.e., when stage 1 of vasculogenesis was already completed; see Fig. 4A ). Placental vessels from IVP conceptuses were smaller in diameter than those from CTR conceptuses (46.89 6 14.12 vs. 89.92 6 11.03 lm, respectively; P , 0.05) (Supplemental Table S1 ), and by extension, the area inside each vessel was also reduced in IVP conceptuses (3.27 3 10 3 vs. 11.66 3 10 3 lm 2 , respectively; P , 0.05) (Fig. 4B and Supplemental Table  S1 ). A significant reduction in vessel number was observed in IVP conceptuses throughout the entire studied period of vasculogenesis (Fig. 4C) . 
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DISCUSSION
We found that placental vasculogenesis of IVP sheep embryos was severely compromised. Essentially, two timedependent problems related to vascular development were revealed. In the first studied period (Days 20 and 22 of gestation), the maturation of placental vessels was delayed, whereas in the second studied period (Days 26 and 30 of gestation), fewer placental vessels persisted, notwithstanding the correct completion of vasculogenesis.
Vasculogenesis starts from hemangioblast differentiation in both endothelial and circulating cells [18] . The endothelial compartment must be properly developed to manage the continuous gas and molecule exchange by circulating cells between fetal and maternal tissues [19] . Here, defects in vessel integrity led to circulating cell extravasation (i.e., hemorrhage) and death of sheep IVP conceptuses.
The underdeveloped placental vascular network in IVP conceptuses, which persisted at subsequent days, may cause developmental adaptations and contribute to the fetal origin of adult disease. For example, because the heart and placental vessels develop simultaneously, hypoplasia of the myocardia of IVP embryos can have repercussions on fetal circulation, causing catabolic removal and nutrient provision to be less efficient in fetal tissues.
Vascular development depends on the expression of angiogenetic factors [16, 18] . The functional VEGF system (VEGF ligand and receptors 1 and 2) ensured correct initiation of vasculogenesis in IVP placentae. The presence of primordial vessels, as hemangioblast aggregates, demonstrates a correct primordial differentiation initiated by a proper expression of VEGF, VEGFR1, and VEGFR2 in IVP placentae. Both FGF2 and VEGF are needed for proliferating endothelial cells [20] , but FGF2 appears to be essential for subsequent vessel remodeling [21] . So we can speculate that the reduced expression of FGF2, ANG2, and its receptor TIE-2 are responsible for the defective remodeling/reduced vascular bed in ART-derived conceptuses, and the limited fetal growth further confirms our interpretation. Although FGF2R was normally expressed, the downregulation of its ligand, FGF2, is sufficient to induce impaired vessel maturation in IVP placenta. The angiogenetic factors we found downregulated in IVP fetuses are also required later in pregnancy for vessel remodeling [16] ; hence, we must consider that the defective phenotype we observed in the early postimplantation phase will remain in later stages of pregnancy.
All receptors of angiogenetic factors except TIE-2 were normally expressed. This downregulation may be due to the reduced expression of its transcriptional factor HOXA13. HOXA13 controls vessel formation [17] , with homozygous knockouts showing defective vascular pattering and expression of angiogenetic factors and heart structure, resulting in lethality of mouse embryos at the stage of embryonic development that corresponds to Day 24 in sheep [17, 22] .
The aim of the present study was to compare placental vascular development in IVP and naturally conceived conceptuses. To exclude an eventual developmental delay of IVP embryos caused by the transfer procedure and ensure synchronization between development of IVP and CTR embryos, the best control should be produced by natural conception and flushing of blastocysts with their subsequent transfer to recipient ewes. However, creating such a control group in sheep (and in other mono-and biovulatory large animal models) involves serious technical difficulties. Because sheep has one or two ovulations per cycle, such experimental settings require very high numbers of animals per cycle. On the other hand, developmental delay of IVP embryos previously observed in mice in comparison to each of two controls (naturally conceived and flushed/transferred embryos) [23] confirms the validity of our control.
The placenta has a strong impact not only on fetal heart development but also on the offspring's future adulthood, because it is a programming agent for cardiovascular disease [24] . Alterations in the cardiovascular system have been observed in ART-derived individuals [25] . Their increased blood pressure could be a result of the underdeveloped vascular system found here during early pregnancy. Indeed, human IUGR impacts heart development by altering coronary, aortic, and left ventricular outflow diameters [26] . Because sheep and humans share key steps in the process of heart development [27] , it is essential to investigate how ART can alter that process. Because the placental vascular system manages fetal development, further studies are needed to better understand the long-term effects of ART-induced placental vascular system alterations on offspring.
In conclusion, the application of ART in sheep embryos induced severely impaired vasculogenesis early in gestation. This may lead, in more severe circumstances, to embryo growth arrest and, in less severe ones, to fetal growth restriction throughout the pregnancy, resulting in programming susceptibility of offspring to cardiovascular diseases.
